Knowledge of seasonal and diurnal fluctuations of allergenic and phytopathogenic fungal spores in the air and the determination of the influence of weather and environmental parameters on spore concentrations are of great practical use in control of both human and animal health as well as plant diseases. The aim of this study was to evaluate the dynamics of the occurrence of Alternaria spores in the air at three sites located in different geographical regions of Poland. The study was done from 15 April to 30 September in 2010-2011 in Rzeszów (Carpathian Foothills, south-east Poland), Lublin (Lublin Upland, central east), and Poznań (central west); the distance between the experimental sites ranged from 138 to 441 km. To assess the concentration of Alternaria spores, the volumetric method was used. In both years, the highest concentration of spores was observed in Poznań and the lowest in Rzeszów. In 2010 the annual total, monthly total and maximum spore concentration were higher than in 2011 at all monitoring sites. The greatest concentration of Alternaria spores was recorded in August, followed by July. High spore concentrations were also noted at the beginning of September. The differences in daily concentrations, average concentrations and cumulative numbers of spores were statistically significant. The reasons for this can be related not only to weather parameters, which is often raised in the literature, but also to the type of landscape. Landscape and geobotanical conditions of Great Poland and Carpathian Foothills greatly differ. In both years, the highest number of Alternaria spores was found in Poznań -the city with the highest urbanization factor and the capital of the region with large-scale farming, connected with the intensification of agricultural practices.
INTRODUCTION
Fungal spores belong to biological particles most often present in the air and hence numerous studies have been undertaken on their concentrations in different biogeographical regions and climatic zones (A d a m s , 1964; N i k k e l s et al. 1996 ; C o r d e n et al. 2003 ; S t e n n e t t and B e g g s , 2004; S t ę -p a l s k a and W o ł e k , 2005; T o m a s s e t t i et al. 2009 ; G r i n n -G o f r o ń and S t r z e l c z a k , 2012). Monitoring of concentrations of fungal spores in air samples have also been undertaken in Poland, mainly in the region of Małopolska in south of the country and Pomorze in the north-west (S t ę p a l s k a et al. 1999 ; K o n o p i ń s k a , 2004; S t ę p a l s k a and W o ł e k , 2005; G r i n n -G o f r o ń , 2008; G r i n n -G o f r o ń and R a p i e j k o , 2009; S t ę p a l s k a et al. 2012 ). The concentration of spores in air samples highly depend on temperature and humidity and can be dramatically changed by weather events (G r i n n -G o f r o ń and S t r z e l c z a k , 2012) but it is also affected by other factors, such as air pollutants (G r i n n -G o f r o ń et al. 2011) . The knowledge about meteorological conditions and air pollution allows one to predict the concentration of Alternaria spores using artificial neural network forecasting models (G r i n n -G o f r o ń and S t r z e l c z a k , 2008).
Numerous papers concentrate on aerobiological aspects of airborne fungal spores, such as their presence/absence, start and end of the season, spore concentration and the number of days exceeding cer-tain thresholds (G r a v e s e n , 1979; C r o o k , 1994; I c e n h o u r and L e v e t i n , 1997; M y s z k o w s k a et al. 2002 ; C o r d e n et al. 2003 ; E s c u r e d o et al. 2011) . These parameters are of great importance from the medical point of view, because numerous fungal spores produce allergenic proteins that can cause immunotoxic diseases, such as asthma (D ' A m a t o and S p i e k s m a , 1995; D u t k i e w i c z , 1997; B u s h and P o r t n o y , 2001). Researchers report increasing numbers of patients with respiratory allergy, in particular children (E m e r y k et al. 2004 ).
The genus Alternaria Nees ex Wallroth contains over 300 species, out of which fewer than 40 are well described. The fungi of this genus are ubiquitous and they can be found in all zones and climates (S a k i y a n and Most papers on aeromycology report that spores of Alternaria are present both in temperate and hot climates, which is associated with the broad range of temperature and humidity, allowing undisturbed development and sporulation of this fungus. The ratio of Alternaria spores in air samples differed from a few to tens of percent (R o s a s et al. 1990 ; M i t a k a k i s et al. 1997, 2001 ; K a s p r z y k et al. 2004 ; S t e nn e t t and B e g g s , 2004; M a y a -M a n z a n o et al. 2012 ). Other fungal types, like Cladosporium, often prevailed in the air, but it is the spores of the genus Alternaria that are repeatedly reported as the most harmful among fungal species responsible for respiratory allergies (S r i v a s t a w a and W a d h w a n i , 1992; I c e n h o u r and L e v e t i n , 1997; B u s h and P o r t n o y , 2001; L i c o r i s h et al. 1985) . According to R a p i e j k o et al.(2004) , the concentration of 80 conidiospores per 1 m 3 may cause the first disease symptoms in sensitive patients. The symptoms are partially caused by secondary metabolites produced by Alternaria. This genus is known for producing over 70 toxic compounds, such as alternariol or tenuazonic acid, which may have adverse effects on human health and life comfort (W o o d y and C h u , 1992; O s t r y , 2008; O g ó r e k et al. 2011 ). Exposure to Alternaria toxins was linked to a variety of adverse health effects (L i u et al. 1992 ). The studies done in China suggested that the most common saprotrophic species A. alternata may be a factor in the etiology of esophageal cancer (D o n g et al. 1987; Z h e n et al. 1991) . These threatening data were further supported by the studies of Y e k e l e r et al. (2001) who observed precancerous changes in esophageal mucosa of mice eating fodder containing tenuazonic acid.
Many species of the genus Alternaria belong to the most notorious pathogens and saprophytes of plants, causing at least 20% of agricultural spoilage. The pathogens infect potato, tomato, root vegetables, cereals, oilseed rape and numerous fruit leading to the decrease of seed or fruit yield and their quality (F r e nc e l et al. 1991 ; C o r d e n et al. 2003 ; G a n n i b a l and G a s i c h , 2009; E s c u r e d o et al. 2011) . A nondestructive thermographic study revealed that leaves of oilseed rape infected with A. brassicae and A. brassicicola -the species pathogenic to Cabbages and oileaced rape, had a temperature higher by up to 3.5 o C comparing to healthy leaves (B a r a n o w s k i et al. 2009 ). It shows that plants infected by Alternaria are subjected to great biotic stress, resulting in dramatic changes of their physiology. This explains why severe yield losses in B. oleracea may reach 86% (H u m p h e r s o n -J o n e s , 1989). This situation has little chance to alter in the near future, as no source of substantial resistance to Alternaria has been found by now (N o w i c k i et al. 2012) . High levels of plant infestation by pathogenic and saprotrophic Alternaria species imply high numbers of their conidiospores in the air, posing a constant threat to human and animal health.
Our studies aimed at evaluation of the dynamics of Alternaria spore concentration in three regions of Poland, differing in geographical location, geobotanical character and landscape structure. The null hypothesis assumed no differences between monthly sums of spores and mean spore counts between the experimental sites.
MATERIALS AND METHODS

Monitoring sites
The monitoring was done in three geographic regions of Poland: Great Poland, Lublin Upland and Carpathian Foothills. These regions greatly differ in geobotanical properties, climate and the type of landscape.
Rzeszów is the capital and the largest urban area of the province of Carpathian Foothills. It is located in south-east Poland. The city is situated in the Rzeszow Foothills at an altitude of 220 m above the sea level, on the banks of the Wisłok river. The close proximity of the Carpathian mountains has a major influence on local climate. Summers are long and hot, autumns are relatively warm, most of winters are not very severe, but the outskirts of the region are more snowy and frosty. Mean annual precipitation is 734 mm and mean annual temperature is 8.8 o C. The warmest month is July (17.5 o C), while the coldest one is January (-4.6 o C). The average growing season ranges from 215 to 220 days. Forest area covers 39.8% of the voivodship, which ranks it second among all the provinces of our country. Over the last 60 years, the annual total precipitation was 551 mm. The maximum rainfall was recorded in July (79 mm) and the minimum snowfall (28 mm) was in January (P i o t r o w s k a and K a s z e w s k i , 2011). Forest area covers 23.7 % of this region. The percentage of developed and urbanized land in this district is 2.6% (www.mprn.pl). Within the city of Lublin, there are three mixed forests with a predominance of mixed oak and pine. The city has several parks and public gardens as well as private gardens and allotments used for leisure -gardening and grass lawns. The flora of Lublin is composed of diverse trees and shrubs as well as grasslands. They are also located in the vicinity of the monitoring site. The spore sampler was located on the roof of a building in the city center (N 51 o 14'37", E 22 o 32'25"). Poznań (N 52 o 24', E16 o 56') is located in the central-west part of Poland in the valley of the Warta river. It is the capital of the Province of Great Poland (Wielkopolska). According to physico-geographical regions of the country, it belongs to Southbaltic Lake District and the macroregion of Great Poland Lakeland. The city is located in the lowlands, at an altitude of approximately 80-100 m. City forest habitats are dominated by oak and hornbeam, willows and poplars prevail in the valley of the Warta river, whereas pine and mixed forests dominate on poor soils. Forests cover about 23% of the district, while developed and urbanized land accounts for 8.2% (www.mprn.pl). The spore sampler was located on the roof of the Department of Biology in Morasko (N 52 o 27', E 16 o 55') at the campus of the Adam Mickiewicz University, 6 km from the city center. Morasko is a peripheral part of Poznań, situated on the northern border of the city. It is a relatively large, but poorly urbanized area. In close distance from the north and north-east of the University campus, a single-family housing area composed of detached and semi-detached houses is located, whereas the southern part is occupied by a housing estate. The remaining area is occupied by meadows, coniferous forests, groups of leafy trees as well as agricultural fields with cereals or oilseed rape and also by wastelands.
The highest distance measured in a straight line is between Poznań and Rzeszów (441 km) as well as between Poznań and Lublin (408 km), whereas between Lublin and Rzeszów the distance is 138 km.
Methodology of aerobiological studies
Spore trapping was done constantly, 24 hours round, from 15 April to 30 September in 2010 and 2011. Monitoring was performed using Hirst-type volumetric VPPS 2000 samplers (Lanzoni, Bologna, Italy). The samplers were placed on buildings at the following heights: Rzeszów -12 m, Lublin and Poznań -18 m. Additional supports raised the traps above the roof level, allowing an undisturbed air flow. The devices actively sucked 10 liters of air per minute through a narrow orifice (2 × 14 mm). Inside the spore trap, a drum rotated moving at a constant speed of 2 mm per hour. It was covered by a Melinex tape coated with vaseline dissolved in toluene (Poznań) or silicone (Lublin and Rzeszów). Airborne particles present in sampled air -mainly fungal spores and pollen grains -were deposited on this sticky substance. A full rotation of the drum lasted seven days. After removing the tape from the revolving drum, it was cut into seven fragments (48 mm long) and microscope slides were prepared and carefully studied for the presence of Alternaria spores. The spores were counted along horizontal strips. Only spores typical for the genus Alternaria were counted. The number of spores was multiplied by a factor depending on the observed surface of a microscope slide and the result was expressed as the average daily concentration of fungal spores per 1 m 3 of air (L a c e y and W e s t , 2006). The samplers were operating constantly; in rare cases of sampler blockage or disturbed work, gaps in the data were filled using an interpolation method.
Data analysis
The results were analyzed using selected mathematical and statistical methods. The sum of spores in the studied period was calculated. Fluctuations of spores in air were presented as a 5-day moving average. The chi-square test verified the null hypothesis of no differences in frequency distribution of monthly sums of spores between sites. The non-parametric test of Kruskal-Wallis was used to compare the means, despite of the lack of variance homogeneity (Brown--Forsyth test). The degree of similarity of fluctuations of spore concentrations in the air during the season was assessed by Spearman's rank correlation coefficients (r s ). The level of significance was studied at  0.05.
RESULTS
Rzeszów
From the beginning of June 2010, the daily concentration of Alternaria spores slowly increased (Fig.  1) . A rapid increase of daily spore concentrations occurred in mid-July. The highest spore concentration was observed in mid-July 2010. After a two-week period of decline, the concentration of spores rapidly increased. In four days the concentration of Alternaria spores again increased nearly to the previous level and reached the top value on 1 August 2010. The second period of high spore concentration lasted until mid--August. In these months, there was more than 80% of the total amount of spores. Then, the concentration of spores gradually decreased, with the exception of a small peak in the third decade of August. In this year, the value of kurtosis was highly positive, which means a sudden increase in spore concentration, greater than the normal distribution.
In 2011 the fluctuation of Alternaria spore concentration in the air was more erratic than in the previous year. The value of kurtosis was low, as compared to the result obtained in 2010. In June 2011 spore concentrations were low. The increase did not start until the beginning of July and in comparison with 2010 it was slow. The increase in spore concentration in July 2011 was also lower than in 2010, however the decline was observed again at the end of this month, similarly to July 2010. In 2011, like in 2010, the highest spore concentrations were recorded at the beginning of August, but the high occurrence of spores in the air was observed over a long period of time (approximately for 6 weeks), until mid-September. 
Lublin
The periods of spore occurrence in the air were long, irregular and characterized by strong right skewness (Table 1) . In 2010, there were three periods of high increase of spore concentration (Fig. 2) . It was found in late July, but after a few days the concentration rapidly decreased. Then -similarly to the fluctuation observed in Rzeszów -it gradually increased during the next week and reached the highest amount at the beginning of August. In mid-August, the concentration of Alternaria spores increased for the third time, to the level of the first peak. In 2011, a period of high spore concentration lasted from early August to mid-August with short declines. In September 2011, each increase of Alternaria spore concentrations lasted for a few days. In 2010 and 2011 the seasonal fluctuations of spores in the air were relatively similar, but considerable differences concerned their numbers. In 2010, significantly more spores were observed. In both years, the highest levels of spore concentrations occurred in early August with a difference of three days only, but in 2011 the parameter was more than two times lower. Similarly to the result obtained in Rzeszów, kurtosis was positive, but its value in 2010 was 2.5-times higher than in 2011. 
Poznań
In comparison with the other experimental sites, the period of occurrence of Alternaria spores in the air of Poznań was the most dense (Fig. 3) . In 2010, the concentration above 100 spores per cubic meter lasted for 52 days, with a few short decline only. A considerable increase in spore concentration was observed from the beginning of July and the rate of this process was very rapid in the second half of July. The maximum concentration of Alternaria conidiospores was noted on 2 August 2010. Very high concentrations were recorded till the second decade of August. In this month, more than 50% of all Alternaria spores were observed.
In 2011, two separate periods of high spore concentrations were found. The first period, with lower spore numbers, was recorded from the beginning till the second decade of July. Soon after a sudden decrease, the concentration of spores was again gradually building up. Since the beginning of August, a sudden increase of spore concentration was found and the maximum concentration was recorded soon after -on 5 August. Since the second half of August, the spore concentration steadily decreased and in 2011 it was slightly higher than in 2010. Kurtosis was positive but unlike in Rzeszów and Lublin, its values were high both in 2010 and 2011 (Table 1) . 
Comparison of monitoring sites and years
The monthly sums of spores differed significantly, between monitoring sites and years. Generally, in 2010 the concentrations of Alternaria spores were always higher than in 2011. The highest spore concentrations were in August; this was true for each year and at each monitoring site (Table 1) . Also, the maximum spore concentration was the highest in August, with the exception of the result of monitoring in Rzeszów in 2010 when the peak spore concentration was in mid-July. In Rzeszów, the difference between the sum of spores in July and August 2010 was less substantial, as compared to the differences between the other months (453 spores), with the exception of the difference of 70 spores only between April and May (Fig. 4) . The gap between May and June was 907 spores, the difference between June to July was 2874 spores, and between August and September it was as much as 3901 spores. In 2011, the highest difference in cumulative spore concentrations was found between August and September; it was 2031 spores (Fig. 5) . Generally, in 2011 in Rzeszów the monthly sums of Alternaria spores, the maximum spore concentration and the total spore concentration were the lowest as compared to the other monitoring sites (Table 1 ). In the studied period from 15 April to 30 September, the percent of days when spores of Alternaria were present in air samples was similar in both years and varied in a narrow range from 80.6 (2011) to 83.0% (2010) .
In Lublin the general trends were the same: the highest spore concentration and the peak cumulative number of spores were found in August, followed by July. In 2011 spore counts showed the same pattern, but there were fewer spores than in 2010. The highest differences of monthly sums of spores were found between June and July and then between August and September (Figs 4, 5) . In the first case, it was a sudden increase of 8300 and 4671 spores, respectively for 2010 and 2011. In the second situation, it was a dramatic drop in spore numbers by 10089 and 4797 spores in 2010 and 2011. In Lublin, the percent of days with the occurrence of Alternaria spores in the air was the highest of all the sites. Again, the range was narrow, from 92.1 to 95.8% of days in the studied period in 2010 and 2011, respectively.
In Poznań both the cumulative sums of spores over the monitoring period and the maximum spore concentrations were the highest as compared to the other monitoring sites (Table 1) . Similarly to Lublin, the highest differences in monthly sums of spores were found between June and July and then between August and September, but the differences were even bigger (Figs 4, 5) . Again, at first it was a great increase in the cumulative number of spores of 10713 and 6979 spores in 2010 and 2011, respectively. Between August and September, the cumulative number of spores in 2010 and 2011 dropped down by 17454 and 9072 spores. In 2010, the spores of Alternaria were present on 87.9% of days of the monitored period and in 2011 they were found on 89.7% of days. Statistically significant differences were found for the concentrations of fungal spores in the following months for all the cities and in both years. However, based on the value of Spearman's rank correlation coefficients, it can be concluded that the dynamics of the presence of spores in the air was to some extent similar at these different monitoring sites (Table 2) . The fluctuations of spores were constantly observed over the spring, summer and autumn time, but the spore concentrations increased and decreased at similar, and sometimes even identical, periods of time. In 2010, these periods of low and high days were relatively similar, especially in Poznań and Lublin where only 1 day lag between the maximum spore concentrations was found. In 2011, the highest concentrations were comparable, with a shift of 5 days only. In 2010, in each city the highest concentration of Alternaria spores was found in August and then in July (the second peak day in Rzeszów). In 2011 the peak concentration of spores was always in August. In both years, the highest concentrations of Alternaria spores were observed in Poznań and the lowest in Rzeszów. In Poznań, the peak concentration was observed in August (2295 spores/m 3 ) and the cumulative number of spores found over the studied season exceeded 43 thousand (Table 2) . At all monitoring sites, the annual total, monthly total and maximum concentration were higher in 2010 than in 2011. . Considering the fact that the present investigation was done over a shorter period of time, excluding winter, early spring and late autumn when the spore numbers are none or the lowest, our results are in agreement with these reports. We have demonstrated that in the period lasting from mid-April till the end of September spores of Alternaria were present in the air for most of the time.
The lowest percentage frequency was 80.2% and the highest one was 95.8%, which means that 7 days in Lublin in 2011 and 32 days in Rzeszów, also in the same year, were free from Alternaria. The days with no detection of Alternaria were mostly in April and May. In the following months, such days were rare or nonexistent. During the two years studied, in July and August Alternaria spores were present each day at all three sites. In August 2011 in Poznań the spores were not observed only on 2 days.
In many Polish and European cities the maximum concentration of most fungal spores in aeroplankton, including Alternaria, occurs in summertime and in early autumn ( . 2011, 2012) . A large portion, but not all, of the variation in spore fluctuations has been explained by now, which makes it difficult to completely trust the forecasting models.
A considerable increase in spore concentration of the genus Alternaria was observed since June. In five out of the six site-years, the peak days were recorded in August; however, in July and at the beginning of September the numbers of spores were also considerably high. Such general trends confirm the observations of other authors (S t ę p a l s k a et al. (2010) and M a y a -M a n z a n o et al. (2012) , who monitored Alternaria spores in several cities of Spain located in different climatic regions, reported that in northern Spain high concentrations were recorded from July to October. However, in the regions located in southern Spain (Andalusia) two peaks were typically observed, one in the spring and the other one in the autumn. The first increase of spore concentration is reported in May and June, while the second one lasted from September until October. This effect is supported by the differences in weather parameters; in subtropical continental climate summer is hot and dry and in July physiological drought is observed. When temperatures are high and precipitation is minimal, the plant growth is retarded. In contrast, spring and autumn are warm periods with high rainfall (M a r t y n , 2000). In temperate climate typical for Poland, summer is the time of full plant growth. High concentrations of Alternaria spores in July and August coincide with conducive weather and the richness of biological material -the substrate for fungal growth. It must be underlined that fungi from the genus Alternaria are ubiquitous saprotrophs and omnivorous pathogens of numerous plants, including cultivated and wild species, so they find numerous substrates, allowing their fast growth, development and sporulation (H u Additionally to Alternaria spore fluctuations between years, great differences were found between daily spore concentrations. In western and central Europe, these differences were higher than in southern Europe (H e r r e r o et al. 1996 ; S t ę p a l s k a et al. 1999 . In our study, the spore concentrations in each Polish city were much higher than in Portugal or Greece.
The analysis performed in our study has shown that even over 2 years and at 3 sites, which are located from 138 to 441 km apart, the differences in spore concentrations may be significant. Great fluctuations in aerobiological data are commonly found and typical not only for airborne fungal spores but also for pollen grains. In Szczecin, located in north-west Poland, the observations done over three years (2004) (2005) (2006) revealed great differences between monthly sums of Alternaria spores (G r i n n -G o f r o ń , 2008). In 2004 the monthly sum of spores in August was much higher than in other months (ca. 9,000 spores). In the following year, the cumulative concentration of spores at this level was observed in July (10,000) and then in August (11,000). One year later in July and August, there were approximately 4,000 Alternaria spores. In our study, the highest cumulative number of spores was observed in August 2010.
In Rzeszów, located in south-east Poland, a comparable study was done in 2000-2002 exactly at the same site and height (K a s p r z y k et al. 2004 ), which allows direct comparison. Similarly to the results of our monitoring, the highest concentration of spores was observed in summertime. In 2000 and 2002 the maximum concentration was observed at the beginning of August, but in 2001 the peak number of spores was found at the beginning of July. In this study, a similar result was achieved; in 2010 the maximum spore concentration was observed at the beginning of July, but the next year the same parameter was recorded at the beginning of August. The results obtained in 2002 in Rzeszów and Lublin were also compared. The location of the monitoring stations in these cities was exactly the same as the one used in our work, so it was again possible to make direct comparisons. It was found that the mean concentrations differed significantly and the maximum spore concentration in Lublin was twice as high as in Rzeszów (K a s p r z y k and K o n o p i ń s k a , 2006), which was also the case in our study. Four years of study do not allow to draw firm conclusions, but the tendency seems quite clear.
In this study, the highest concentrations of Alternaria spores were found in Poznań. In 1995 -1996 S t ę p a l s k a et al. (1999) monitored spores at five locations in Poland, including Poznań, and there she found the highest concentration of Alternaria spores. In 1995 the highest concentration was recorded in July (over 8,000) and in the following year this value increased dramatically and peaked up to 24,000 spores.
One should also consider whether such differences can be traced back to the type of landscape considered as a holistic system. The landscapes of Rzeszów (the capital of the Carpathian Foothills, a hilly region in south-east Poland, covered with many forests) and Poznań (the capital of Great Poland, located in the central western part of the country -a typical agricultural lowland plain, more densely populated) greatly differ. Great Poland is a region of concentrated agriculture with multi-hectare fields of cereals, oilseed rape, root crops, selected fruit and vegetables. Therefore, the probability of infection with fungal pathogens, including phytopathogens and saprotrophs, is higher in Great Poland than in the Carpathian Foothills, with its mosaic of smaller fields and larger forest areas. Large agricultural fields of Great Poland lead to the concentration of manual and mechanical labour; many agrotechnical treatments are done at the same time. In contrast to small fields with many plant cultivars and landraces grown in the Carpathian Foothills, intensive agriculture requires the use of the same cultivar on a large field. It is a prerequisite for even development, as all plants in a large field are at the same growth stage. It is indispensable for the use of heavy machinery, such as harvesters, allowing seeds or other parts of plants to be collected in a short time. This synchronization of farmers' work may be one of probable causes of sudden increases in the occurrence of fungi that are associated with certain growth stages of agricultural crops. Based on a study carried out in Egypt (A w a d , 2005) , it must be underlined that plant vegetation is regarded as the main source of Alternaria spores. M i t a k a k i s et al. (2001) and C o r d e n et al. (2003) pointed out that that the concentration of Alternaria spores increased significantly during haymaking and harvesting. In the Carpathian Foothills, the landscape has a more diverse structure than in Great Poland (www.mprn.pl). Fields are smaller, the variety of crops is bigger, there are more pastures, meadows and forests. It would be of great interest to conduct a long-term study on Alternaria as well as on other taxa in more types of landscape, based on inanimate and animate components of the environment. G r i n n -G o f r o ń A . , S t r z e l c z a k A . 2012. Changes in 
